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ABSTRACT 


An acoustic model for low frequency(100-2400 HZ) 
propagation loss within a surface duct is examined. An 
analysis of the sensitivity of this model as a function of 
Ehe foverning environmental parameters is performed. The 
results of this analysis show that the frequency and mixed 
layer depth are influential over a wide range of environmen- 
tal conditions and that the below layer thermal gradient 
becomes important at low frequencies when the layer depth 
is relatively shallow. Under certain conditions, a change 
in below layer thermal gradient of 2°F/100 FT has the same 
resultant effect @s a 25 FT change in the mixed layer depth. 
@ye results of this analysis are then utilized to develop 
a eerrection algorithm which can be employed to update 
propagation loss forecasts (issued by Fleet Numerical 
Weather Central, Monterey) when required due to changing | 


environmental conditions. 
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fs INERCRUCTION 


The Acoustic Sensor Range Prediction (ASRAP) program 
(NAVWEASERVCOMINST, 3160.3, 1971) is currently conducted 
macer the direction of Commander, Naval Weather Service 
Command and provides computer generated range predictions 
weecn are utilized primarily for airborne acoustic sensors. 
These sensor systems, the passive JEZEBEL system and the 
active systems of JULIE and active sonobuoys, are dependent 
een accurate environmental data forecast through the ASRAP. 
Ppeeeeem. these ASRAP Toreccasts consist of two general parts, 
em active pertion and “@ passive portion. ‘This discussion 
peti be limited to the passive part of the forecast. 
Peserve propagation loss forecasts are provided on a weekly 
Boas fOr nest Ccean refions in the northern hemisphere. 

Pao LO cemercoummme o Toreeast, the ocean has been 
Gavided Gnto regions which have similar acoustic character- 
Boeics OP@seurd veocity prefile, bottom type, and bottom 
depth. For example, a near-shore region may consist of a 
sound velocity profile which is subject to short-term 
fluctuations due to temperature perturbations, a sandy type 
Merton, aed a*relatiwely shallow depth. in contrast, an 
Speen ocean region could consist of a sound velocity profile 
which has long-term seasonal fluctuations due to temperature 
changes, emybeerom Composed of ooze type material, and a 


relatively deep bottom depth. 


ee 





Omee Chese acoustically memogeneous provinces or domains, 
termed ASRAP areas, have Mecm Geianed. the propacation loss 
for discrete frequencies of 50, 300, 850, and 1700 Hertz 
mameeovcm@m@aned.,. Ihiss loss is ealculated for three distinct 
cases: (1) Shallow-Shallow where the sonobuoy hydrophone 
is placed at 60 feet and the target source is also at 60 
feet, (2) Deep-Deep where the hydrophone is at 300 feet 
and the target is 200 feet below the mixed layer depth 
(MLD) ,* ana (3) Cross-Layer wherein sonic energy crosses 
the mixed layer. The hydrophone is at 60 feet and the 
memset is 200 feet below the MLD for this case. 

imac Wemrcr in which this loss is determined or calcu- 
lated is dependent to a large degree upon the environmental 
parameters of layer depth and the below layer thermal grad- 
jent. If these parameters allow for the transmission of 
sonic energy from source to receiver via a sonic duct formed 
between the surface and MLD, the amount of loss encountered 
can be determined analytically. The analytical method is 
employed out to a range at which multiple path transmission 
wa DOvLtOom reflection and convergence zone paths have a 
Significant effect. Beyond this range, a geometrically 
Selved FYay—trace routine is utilized. On the other hand, 
Momo Semic duct is present, then the loss is calculated for 


the entire field by the ray-trace routine. 


7 Mixed Layer Depth is defined as that depth near the 


surface where the sound velocity reaches a maximum 
value. 


i 





iiemoe7eCuave Of this thesis is to develop a method by 
which a fleet user of ASRAP forecasts can update the fore- 
Sest propagation loss by applying current environmental data 
awed lable. This method is desirable since, due to the large 
number of areas which must be processed (over 1000), and 
the time required to compute the loss for each area (25 
seconds), the passive forecasts are issued only on a weekly 
Besis-.-f Environmental effects which are of sufficient magni- 
tude to significantly alter the amount of propagation loss 
encountered can and do occur on a daily basis. This in turn 
has a marked effect on the tactical employment of passive 
airoorne acoustic sensors since the range to which these 
Peaooroeare Cilective is determined to a large exten®&® by 
the amount of loss encountered. 

Figure 1 is an example of a passive propagation loss 
Mmemecast L16r a particular Pacific Océan region. In this 
instance, the layer depth was 200 feet, the below layer 
gradient was -5 F/100 FT, and the shallow-shallow or in 
Hoyer Case was utilized. «It will later be shown that the 
highest frequency (1700 HZ) is being propagated via the 
ducted mode, the 300 HZ case has marginal ducting (300 HZ 
is close to the lowest frequency which can be ducted in a 
200 foot layer), and the 50 HZ frequency is propagated by 
modes other than ducted transmission. From this figure, it 
can be seen that the ducted mode of transmission is the most 
ocr emuemedis Of transmission since less loss is 


encountered as range increases. 
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The method subsequently developed in this thesis will 
be concerned with the Case where sonic energy “is trapped 
[eenanea Suriace duct. It is this case which is best 
meerea LO an analytical algorithm which can be utilized 


Pomperiomn the desired updating of forecasts. 


16 





JI. SURFACE DUCT PROPAGATION LOSS MODEL 


The loss of acoustic energy, propagation loss, within 
peoemeace duct is comprised of essentially two factors, 
meometrical spreading and signal Peon uaeton: Geometrical 
Spreading reduces the power per unit area present within a 
meee WY Gistribwating it over a larger area. The signal 
attenuation is comprised of those POYSi Cale facvorsevnicn 
cause a reduction in the intensity of the sonic energy 
present within the duct. These factors are leakage of the 
sream@al {rom the duct, absorption of energy due to chemical 
ena viscous relaxation mechanisms, and the scattering of 
sonic energy from a roughened sea surface. Figure 2 
illustrates the losses which occur within the surface duct. 

In the method employed by the Fleet Numerical Weather 
Central, Monterey (FNWC) to determine the amount of propa- 


gation loss encountered, analytic expressions are evaluated 


by application of certain governing environmental parameters. 


These parameters are above and below layer sound velocity 
Peedi ents, Miixwea layer depth, and sea state. They are 
defined as: 

H - the mixed layer depth in FT 


G - the below layer sound velocity gradient in 
Py SEC/ET 


Ga - the above layer sound velocity gradient in 
py SEC/ ET 


FP.=— the frequency in KHZ 


iy 
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SC - the scattering coefficient defined as 9 
Mor sea states Jess than 3 and 16 for 
sea states greater than or equal to 3. 
iges velocity gradzent terms, G and» Ga, are considered 

e iunction of pressure amd temperature only sinee the effects 
of salinity are assumed negligible. The pressure effect is 
given as 0.018 FT/SEC/FT. The thermal effect on the sound 
welecity gradient can be approximated by a linear function 
ea temperature. For a thermal gradient, Gs given in 
°n/100 FT, | 

G = 5.842 x 107° (G,) Bey ShC/ Ea. 

Miememocr Ty semadient belowesthe mixed layer is then given as 

Ge 5.042 “x 107° (G,) SOO Oh e 7 eae ea 
when the absolute value of G, (assumed to be always negative) 
is used. The above layer gradient, Ga, is found in a similar 
manner. Ignoring the effects of slight temperature gradi- 
ents (fractions of a degree F/100 FT), this gradient is 
given as 

Ga = OFOTosrt,/ SEC/FE: 

Following the development of Urick (1967), the spreading 
ioos Weunin a surface duct is given as: 

Spreading Loss (dB) = 10 log, oR: Rp C15 
where R is the range from the source in yards and Ro io. tine 
transition range. The transition range is defined as the 
range at which the spreading transitions from spherical to 
cylindrical. An alternate manner in which to view this is 

Spreading Loss (dB) = 20 log, )R,) + 10 10g, 9 (R-Ry) 


where the parameters are as defined above. The spherical 


ie 








term, 20 108, 9%, can be thought of as having two cylindri- 
fea! spreading components, one in the horizontal and another in 
mee vertical. Horizontal cylindrical spreadingWhen occurs at all 
famees, R, while cylindrical Spreadaiew in thegvertical occurs 
vO an effective layer depth, He, which is equivalent to the 
transition range, Ro: The net effect is that spherical 
Mereadmir oCeUrs uTitil the boundaries of the duct are 

meaened and then cylindrical spreading occurs. For simplic- 
Peyern Woecation, the loss associated with the transition 
range, Ro» will be termed the effective layer loss. The 


wmeansitien range, R is given as 


Oo? 


ee (H/3)/2 sin 6 


mere © 15 the maximum angle of the limiting ray. This 


angle is given as 


a enn ”* 


where r is the radius of curvature of the rays trapped within 
wie ct. Wor a duct with a constant above layer gradient, 
Ga, 

r= C)/Ga 


where Co “us bie vertex souwmd velocity. For r >>"H, the 
transition range Ro Ls .pavienaby 


Ry = ((r+H/3)/2)*/° 


when the source is at the surface of the duct. The total 


20 





spreading loss within the duct then becomes, 


Spreading Loss (dB) = 10 Log, 9 ((r+H/3)/2)7/* 


Teo ae) 10g, ok 


meen Ris in NM. The first term of this expression is depen- 
Pem@e upenme the layer depth Hoeand the above layer gradient Ga. 
For an isothermal layer, tle normal situation creating a 
[eerace auct, this term becomes wholly dependent upon the 
bayer depth. The second term of this expression is indepen- 
dent of the environmental parameters and is a function of 
range alone. Thus the spreading loss has been separated 
gnto a range dependent term and a term which is dependent 
mpem the ecmyirommental parameter of layer depth. 

The loss due to signal attenuation is given by the duct 


equation 


Attenuation Loss (@B/NM) = 14.88 x 10°(F7°/3g7+/3y73) 
+ (1/8)F* + sc(R/H)+7? 
C2) 
mee siregquencies below 1@4hZ. For frequencies above 1 KHZ, 
the term (1/8)F* is replaced by OF ((0.1/(1+F*))+(40/(4100+F*))). 
This equation contains a leakage attenuation term, an 


absorption term, and a sea surface scattering term. 


The leakage attenuation term, prO%3g71/3y-3 | was devel- 
oped from normal mode theory by Clay (1968) and accounts for 
losses which result from sonic energy leaving the duct due 


porGumeeraew ve leakape. It can be noted that the loss 


el 





~aeoulmcered 1s inversely proportional to frequency, layer 
depth, and below layer sound velocity gradient. This 
relationship is intuitively plausible. As layer depth 
increases, the intensity or power per unit area decreases 
and a lesser amount of propagation loss results. Addition- 
wy, aes one Uelom tayer pradient Intensifies, the duct 
becomes a more efficient "wave guide" since the boundary 
PascOmmmimaoy 1S sharper making it more difficult for sonic 


energy to leave the duct via diffractive leakage. 
2 Ce. 40 


Pie absorprron.term, ¢F 5 + 
ee 


4100 + F* 


g@eceunts for the losses due to chemical and viscous relaxa- 
mon. thas espression was derived by curve fitting to 
empirical data by Thorpe and noted by Urick. This term 
represents the effects of the two relaxation mechanisms at 
a temperature of approximately 39°F. The expression, (1/8)F*, 
Hemmerely an approximation to the previous form for low 
frequencies and is utilized to simplify the computations. 

The sea surface scattering term, {",} (F/H)*, was developed 
from the results of Marsh and Schulkin from Project AMOS 
data and subsequently noted by Clay. The coefficient, 9, 
is used for sea states less than 3 while a coefficient of 
18 is utilized for sea states greater than 3. This loss is 
directly proportional to the frequency and inversely propor- 
tional to the layer depth. As the source frequency increases, 
the sea surface appears relatively rougher due to the decrease 


in signal wave length. Subsequently, at higher frequencies, 


ee 





this roughened sea surface accounts for a greater amount of 
loss. A lesser amount of scattering loss is encountered 
mom a ceepening layer depth due to the decreased intensity 
wathin the duct as ee mentioned for the leakage 
attenuation term. The constant, 14.88 x 10°, serves as a 
@aict conversion factor for loss in dB/NM. 

The maximum wavelength, Amax, for a given duct is given 


py Urick as, 
Amax = 4.7 x 1073H372, 


For an average sound velocity of 5000 FT/SEC, the lowest 


frequency which can be ducted, Fo ow? is 


5000/(4.7 x 107314372) 


‘J 
' 


low 


1.08 x 10°H73/2 | (3) 


1?) smeuld be noted that this lower limit is not sharply 
Gefined and that ducting at lower frequencies may be encoun- 
Perea. parviciwwlarly in regions of weak below layer thermal 
Bradients. Because of the approximate nature of this cut- 
off, frequencies as low as 0.7 Beis oe allowed to be ducted 
iiece@e ACtual computational procedure. 

When non-ducted propagation is the case in question, 
the only losses which can be calculated in a relatively 
Simple manner are spherical spreading and absorption. This 
is because the exact solution to this propagation mode may 


be dependent on multiple path transmission and phase 


coherence effects. The loss due to spherical spreading is 


a3 





paven Dy 
Spherical Spreading Loss (dB) = 66 + 20 log, oR, 


Mhnere Ris in KM. The loss due to absorption can be 
determined through use of the absorption formula previously 
mentioned. 

eae Less which Ws encountered when sonic energy must 
Pass through the mixed layer is termed the cross-layer loss. 
ies Case occurs when the source is within the duct and the 
receiver is below the duct or vice-versa. The Fleet Numeri- 
Gal Weether Central, Monterey uses a fixed loss parameter 
mellow for this loss (Pers. comm., J. Clark, June 1972). 
In the absence of more Sarees empirical data upon whicn 
Po flmuher quancizy this loss, the 10 Db approximation is 


peesouuUcl ligged in this paper. 
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mit. COMPUTATIONAL PROGEDURE 


The computational procedure utilized consisted of 
essentially two FORTRAN programs. The first program was 
mera 2ea LO determine the amount of loss due to the duct 
equation (equation 2) while the second was used to find the 
value of losses due to spreading (equation 1). These 
Preeerams ere listed in Appendix B. 

Program ] iterates the duct equation over the specified 
G@emain limits for the environmental variables involved. The 
layer depth was iterated from 50 to 750 FT in 25 FT incre- 
mences. the below layer thermal gradient was allowed to 
change from -2°F/100 FT to -20°F/100 FT in 2°F/100 FT steps. 
Frequency was allowed to change ineOO Haesteps from 100 to 
2400 HZ and the sea state changed from low to high. The 
mecratton took place in such a manner as to generate a set 
of tables for each frequency and sea state combination which 
yielded the value of the duct loss parameter as a function 
of layer depth and below layer thermal gradient. Since the 
low frequency cut-off equation is not sharply defined, 
frequencies as low as 0.7 F were aidowed to be ducted. 


low 
For frequencies lower than 0.7 ee? the loss value was set 
equal to a number larger than the field width allocated for 
printing the values. Thus the symbol **** was printed 
indicating a field-width over-ride machine function. The 


printing of tables in this manner allowed for some variance 


in the low frequency cut-off while at the same time 


Ze 








Pian ine the Chamce for improper interpretation of duct 
Peco aus (iam weenie Misinverpretation of a duct loss 
value when ducting is not likely is minimized. Several 
subroutines were utilized within the program to present 

the results in graphical form. Subroutine DRAW transforms 
fSeoical data invo a form which can be utilized by an offline 
Puereer. “subrOouGiMe CONTUR performs a scalar field analysis 
with a 0.2 dB/NM contour interval. After this analysis, the 
data is transformed into a form acceptable for an offline 
Wueiewer., lo sactiavave che interpretation of these plots, 
Eewarivanple convour interval was utilized in regions of 

rapid loss gradient change, e.g¢., in regions where the 
Semeaitions for ducting were marginal. 

Program 2 was utilized to compute the losses due to 
spreading and for the devclopment of peripheral tables and 
graphs. The development of these tables and graphs is 
Peeenpl snea through thesuse of the equations presented in 
the previous section. Subroutine PLOTP was used to plot 
Micwenmlinewtrepms. Thesourput of this program consisted 
of the following: 

Wape A-1; Low frequency cut-off and effective 
layer loss as a function of the 
Paver cepul. 

Table A-2: The ducted (cylindrical) spreading loss. 


Table A-3: The non-ducted (spherical) spreading 
Leogisn 


26 





PV wee eewOns AMP ECLUNG Ihr VARTABILITY 
Cre DUCTED PROPAGATION LOSS 
The variations in ducted propagation loss can be best 
ereaved by first examining the term which is not range 
dependent ~ in this case, the spreading loss associated with 


tae transition range, R OVEN ereCinecuive: layer loss. 


0? 
Recall that this loss is given by 10 Log 9 ((r+H/3)/2)7/*) 
Mies the radius of curvature of the entrapped rays, r, is 
given by C)/Ga and H is the mixed layer depth. When an iso- 
thermal layer is assumed, the dominant term in this expression 
Mecomes the layer depth,H. This parameter can vary over a 
range of values from 0 FT (or no layer depth) to perhaps 

2000 FT wWiewe Half—ehanne!l conditions are likely to persist. 
AG mad-latitudes, the range of this parameter is restricted 

me waalucse Within the range from 0 to 500 feet under normal 
circumstances. The range of values examined in this study 
varied from 50 to 750 feet. This range of values encompasses 
Gremaues “damensions in which frequencies from Pore eae 
Sree tO 50 HZ cam be ducted in accordance with the frequency 
eut-off equation previously noted. The results of this 
amalyeis are delineated in Table A-1, Appendix A, and are 
graphically illustrated in Figure 3. The range of propagation 
loss values which were encountered varied logarithmically 
ftrome29.4 dB at a layer depth of 50 FT to 35.3 dB when the 
layer reached 750 FT. At the shallower layer depths, this 


parameter is more sensitive to change than at deeper layer 


etl 
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fewome. Fer example, a change of 100 feet, from a 50 FT 
to a 150 FT layer depth, results in a 2.4 dB change in the 
loss, from 29.4 dB to 31.8 dB. On the other hand, a 100 
mooeewchense in layer depth from 650 FT to 750 FT results in 
only a 0.3 dB change in the loss, from 55 JOBE er ens5. 3 dB. 

When the source is located at the mid-point of the ver- 
ereal Gimension of the Mduet, a 1.5 dB decrease in the amount 
of loss results at all layer depths due to reduced transition 
Pemee, since source location within the duct is difficult 
memeooccrbome, tnis effect will be negiected and all sources 
etl We assumed to exist at the surface. 

A second effect Which alters the amount of spreading 
loss encountered in the effective layer term is the above 
layer gradient, Ga. When the above layer gradient is not 
iseunemmeal and assumes a postive value, the amount of loss 
decreases due to a decreased transition range. The magnitude 
of this change was found to be 3 dB/1°F/100 FT temperature 
ehamee. It should be noted that by strict classical defini- 
tion, no "layer" exists when the thermal gradient is positive. 
None the less, a surface duct does exist and has dimensions 
from the surface to the depth at which the positive gradient 
merges with the thermocline. FNWC currently normalizes all 
poswteive abeve layer thermal — to isothermal condi- 
tiers ’samee this gradient condition is most likely tran- 
sient in nature and is not likely to persist. This positive 


puadsemurncifee> can tmerefore be neglected. 
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To examine the changes in propagation loss which result 
Gue to changing environmental parameters or changing source 
frequencies, the duct equation must be Peieece Perhaps 
the best manner in which to examine this variability and 
observe the resultant sensitivity is to hold one or more 
ere vne Variables constant while allowing the others to be 
Bervurvea over the wenge of values likely to be encountered. 


Recall that the duct equation is given by 


Pgeneeion Loss(dB/NM) = 14.88 x 10°Cpr-/ G7’ nH ) 


“ PE (017 + 1/(4100+F*)) 


+ (g}(R/H) 2, 


Mhis equation has five pertinent dimensions or parameters: 
frequency, layer depth, below layer gradient, sea state, 
and sme resulting propagation loss., Since a five dimensional 
representation would be difficult to interpret and perhaps 
impossible to graphically represent, the problem can be 
best approached by examining several three dimensional 
representations which will serve to illustrate the sensitivity 
Heide  Variaoles anvolved. 

The first of these three dimensional penrecencat lone cc 
be considered is the loss surface formed when layer depth 
and below layer gradient are allowed to vary when frequency 
ana sea state are held constant. This is depicted in Figures 
4 through 6. From these Figures it can be noted, that, 


except at relatively shallow layer depths and low frequencies, 
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Meyer depth nas the greatest effect. This can be further 
Miteweerea DY Cxamining Figures ( through 10. These plots 
show iso-loss contours for a fixed frequency and sea state 
over the ranges examined for layer depth and below layer 
gradient. Note that at deeper layer depths and at higher 
Peecgwermewco, the combour lines tend to become parallel to 
the below layer gradient axis signifying little dependence 
upon this parameter. At relatively shallow layer depths 
and a lower frequencies, the below layer gradient becomes 
S@eatia@ene. For example, in Figure / for 200 Hz, at a 250 
foot layer depth, a change in gradient from 2°F/100 FT to 
u°P/100 FT results ina change in loss of approximately 
1 dB/NM. In contrast, Figure 10 for 2000 Hz shows that 
for any given layer depth, there is negligible (less than 0.1 
dB/NM) change in loss over the entire range of below layer 
gradient values. jote that as the frequency increases, the 
Convomr spacings at relatively shallow layer depths decreases, 
indicating a stronger dependence on the layer depth parameter. 
Since the layer depth and frequency appear to have the 
most effect on the resultant propagation loss over a wide 
range of domain, a similar loss surface can be constructed 
by holding the below layer gradient and sea state constant 
while allowing the frequency and layer depth to vary. 
Prom Pilemres 1] and 12, it can be seen that the regions which 
have the greatest change are those which lie in the vicinity 
of marginal ducting conditions. The term marginal ducting 


cOnasferons is interpreted to mean conditions which lie in 
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Pigure 7. Sso-loss contours for 200 HZ and low sea State. 


aD 





LOSS(db/nm) 


250 
0.6 
o-4 
450 
650 
TS = 
2 6 10 14 18 


GRADIE NT(°f/i00##) 
500 HZ SEA STATE <3 


Figure 8. Iso-loss contours for 500 HZ and low sea state. 
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Figure 9. Iso-loss contours for 1000 HZ and low 
sea state. 
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Figure 10. Iso-loss contours for 2000 HZ and low sea state. 
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Seo mecanity of Ghe limiting bounds for ducting to exist. 
@aese Dounds are imposed by either low frequency or relatively 
paatlow layer agepths. Once away from these regions, the 

loss becomes more insensitive to changes in frequency and 
Bees ocee. Inis is evidenced by the loss surface tending 

to become parallel to the frequency-layer depth plane. To 
amplify this fact, it can be seen from Figures 13 and 14, 

mec wouvscige Lhe area enclosed by the dashed boxes, the change 
on loss becomes more abrupt as either layer depth or fre- 
meemcy Vary. Note also that there exists a finite amount of 
change in loss at all regions of the domain. For example, 
within the dashed boxes, only a 1 dB/NM change is experienced 
machin the layer depth-frequency ranges. In contrast, out- 
Side the enclosed regions, as much as a 5 dB/NM change may 
meoWlGoeunder COnGltions of drastic change in layer depth or 
frequency. 

Sea state also has a marked effect on the amount of loss 
which is encountered. Recall that this parameter is defined 
as a step function from low (less than state 3) to high 
(greater than state 3) seas and is a function of frequency 


fe To examine the effect 


and layer depth given by (p}(F/H) 
@f this parameter, it is possible to note the increase in 

iess @nael resultvocewnen this "step function" is applied to 
previously analyzed contour surfaces. From Figures 15 and oe 
it can be seen that the net result of the change from low to 


high sea state is to elevate the loss surface by some amount 


everywhere in the domain considered. For the case where 
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Preure 13. Pre@pagation loss as a function of frequency for 
various layer depths. Below layer gradient is -12°F/100 FT. 
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Figure 14. Propagation loss as a function of frequency for 
various layer depths. Below layer gradient is -6°F/100 FT. 
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frequency is held constant (depicted in Figure 15), the loss 
surface is elevated by a constant amount of 1 dB/NM over the 
Omvare domain. When frequency is allowed to vary, the amount 
of elevation which results varies from 0.2 dB/NM at 100 Hz 
ool GB/MWHM at 2 KHz. This is-illustrated in Figure 16. As 
mee frequency increases, there is an increase in the loss 
predwent With respect to layer depth. This gradient increase 
Man be seen in the divergence or widening of the spacing 
between the individual layer depth lines in Figure 17. When 
the sea state is increased (shown by the dashed lines), this 
capmemicemee incr@ases due to a stronger dependence on fre- 
G@eency. Thus, it cam be noted that frequency has a greater 
effect than layer depth on the amount of propagation loss 
meecly is “encountered when going from low to niisca Stace. 
in stmm@ary, it can be stated that frequency and layer 
PepenWenmave the greatest effect on the amount of loss which 
is encountered over a relatively wide range of the domains 
of interest. At low frequencies and relatively shallow layer 
depths, the below layer thermal gradient has an appreciable 
eftecrt. This is particularly notable where conditions OW 
ducting are marginal. An increase in sea state results in 
Pumeiiniewe aoc in the eameunt of loss encountered over all 
regiems of the domain with frequency being the major factor 
in determining the amount of increase. Finally, the non-range 
dependent term associated with the effective layer depth is 


most sensitive at shallow layer depths. 
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Figure 17. Propagation loss for high and low sea states 
as a function of frequency. Gradient is -12°F/100 FT. 
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Meer Urcmer quene@iy the loss gradient, it is possible 
mo examine the rate of change in any of the governing 
parameters at some point within the domain while the others 
@re held constant. A point within the domain is located or 
specified by delineating a frequency, layer depth, below 
layer gradient, and sea state. Now that this point has been 
meremeiyespecified, the gradients with respect to frequency, 
layer depth, below layer gradient, and sea state can be 
m@epend@envly speciried. These gradients can be found by 
taoling the partial derivative of the loss term with respect 
m we variiablewdesired, applying the amount of change desired 
emda then evaluating» this expression for a finite numerical 
value. An alternate method which is much less complex and 
yet suffices in terms of accuracy desired is a central differ- 
ence numerical method. The gradient is determined by taking 
the difference between loss values one increment previous to 
mee Ieeavivon “and vones imerement in adwance of that location 
and then dividing this difference by 2. The "average" change 
Gace Catseramege Ws them assumed to exist at the location in 
ewestion. For example, if the point 500 HZ, 300 FT layer 
depth , 4°F/100 FT, and low sea state were specified, the loss 
gradient with respect to layer depth change could be found 


by evaluating the expression 


Loss gradient (dGB/NM/25 FT change) = 
Ve. 


(Loss - Loss 


500,275,4,1low 500,325,4,low 


maere whe less subscripts wepresent frequency, layer depth, 


below layer gradient, and sea state respectively. 
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Table I was compiled using this technique to evaluate 
mae preadient at several Pemavs 2M ve comain. A central 
eference aomlcmwieezed tor all cases except the frequency 
Peecient in the 100 HZ examples and the sea state changes. 
meeorwoard difference wes utilized in the frequency gradient 
eer lOO HZ. The change in the amount of propagation loss 
Mereeunverea ave tO a sea state change was noted by taking 
the Gifference in loss values occurring at high and low sea 
Beeave conditions. From this table, it can be seen that the 
Same general relationships discussed previously in terms 
Memetenriicec Ouimeianwonal loss surfaces still hold. This 
table has the:advantage of permitting a quantitative examin- 
Muaon Of the Sensitivity of each loss parameter. For example, 
it was previously noted that the below layer gradient had 
peeeeeciai@cant eifect upon the total amount of loss encountered 
at relatively shallow layer depths and at low frequencies, 
pemtaicularly where conditions for ducting were found to be 
Meareinal. At 100 HZ, the layer depth required in strict 
accordance with the cut-off frequency formula is approximately 
485 feet. Thus when the layer depth is specified as 500 
feet, conditions for ducting should be considered marginal. 
moem Table I, it cam be seen that under these conditions, 
tie cWanee in loss dWe to a 25 FT change in layer depth is 
approximately equivalent to the change in loss due to a 
change in the below layer gradient of 2°F/100 FT. For exam- 
ple, if the layer depth deepened by 25 FT and the below layer 


Aradieney became less intense by 2°F/100 ieec ne Trestilvamy 
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loss would remain approximately constant since these effects 
Would counteract one another. That is, the deepening layer 
depth would decrease the loss while the less intense below 
layer gradient increased the loss. 

In contrast, at 1000 HZ, 150 FT layer depth, and 4°/100 
lee radqient, the change due to changing layer depth is 3 
times the change due to changing below layer gradient. Thus 
imeder these circumstances, a change in layer depth of 25 
FT is equivalent to a change of 6°F/100 FT below layer 
eradiLent.. 

The change due to frequency is most significant at lower 
frequencies, particularly at relatively shallow layer depths. 
For example, the frequency gradient at 100 HZ is 5 times 
ereatver than the frequency gradient at 1000 HZ in regions 
fmere = tne Payer depth is close to the minimum required for 
ducting. As previously noted, the change due to increasing 
sea state steadily increases with frequency with a relatively 
minor effect due to layer depth. Over the range of 100 HZ 
to 2000 HZ, it can be seen that the loss increases by a 
factor of approximately 6 ae wie a increase in frequency. 
Poen the frequency 1S held constant, the change in loss due 
to layer depth change varies by a factor of roughly 2 over 
the range considered. 

In summary, change frequency and layer depth have the 
greatest effect on transmission loss over the range from 
300 to 2400 HZ. Below 300 HZ, particularly where conditions 


for ducting are marginal, the below dayer thermal gradient 
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Pemeheave an appreciable effect on the amount of propagation 
Wess encountered. Under marginal ducting conditions, it was 
found that for low frequencies, a 25 FT change in layer 
depth had the same resultant effect on the loss gradient 

as a change in gradient of 2°F/100 FT. An increase in sea 
Seace Was found to imcrease the amount of loss at all points 
mer the BONaim wath the largest change occurring at 
Nhaigher frequencies. u wes TnOCeEd that this loss varied by 

a factor of 6 over the frequency range of 100 to 2400 HZ 
merle it varied by aefacter of 2 over the layer depth range 
Ome 50 Go 750°FT. Finally, the non-range dependent term 
associated with the effective layer depth is wholly dependent 
upon layer depth. This parameter was found to be approxi- 
mately 8 times more sensitive at shallow layer depths when 
compared to deep layer depths for the range of depths 


considered. 
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Vo ee CA ton TO THE TACTICAL. PROBLEM 


Adapting to changing environmental conditions is perhaps 
one of the most important problems in anti-submarine warfare 
(ASW) today. This is particularly apparent in passive 
detection. Submarine acoustic source levels have steadily 
decreased as technology has advanced while the amount of 
Hess suffered by these signals has remained constant for a 
given set of environmental conditions. The net result is a 
much smaller difference between sound emitted and sound 
received. With the advent of ASRAP came the ability to 
prediev, Within specified statistical limits, the amount 
@x loss Which a signal would undergo as a function of range, 
frequency, and various environmental parameters. The weekly 
time interval between forecasts makes it tactically prudent 
and operationally necessary to update these forecasts when- 
ever the resultant change in the propagation loss parameter 
becomes significant. 

To perform the updating of an ASRAP forecast, the infor- 
mation available "On-Station" must first be defined, then 
measured, and then finally applied in the form of a correction 
algorithm. The source frequency of interest may be obtained 
either from intelligence information or from actual detections 
currently under investigation. Remaining to be defined and 
measured are the environmental parameters of layer depth, 
below layer gradient, and sea state. Layer depth and the 


below layer thermal gradient are obtainable from an airborne 
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expendable bathythermograph (AXBT) trace. The sea state is 
Seveained either from direct visual easervatlonmor, in the 
event of cloud cover or darkness, by noting the amount of 
sonobuoy transmission interference due to waves overwashing 
the sonobuoy and thereby interrupting the radio transmission 
("“wash-over"). Utilizing these parameters, it is possible 
Moreaevelop a Gerreetion aleorithm to be employed in conjunc- 
tion with the equations previously developed to perform the 
desired updating function. This will allow for the correc- 
wen Ot PTorecast propagation loss when ducting conditions 
gre Present. 

[He eos veD In Chis upaating procedure is to ascer- 
mem af the chamee in propagation loss due to changing 
ewvarommental conditions TS significantly different from 
UMae forecast. That is, will the resulting change in propa- 
peeevOr LOSS Signaricantily alter the tactical problem to an 
exvenvt where updating of the forecast is eee. The 
Guestion Of Whaw is significant must first be answered. 
mrs COMNCCDU Of Sienilicance is highly relative and may vary 
from one tactical problem to another. For instance, a 10% 
change in the propagation loss may be significant in one 
tactical situation and yet not be deemed significant in 
another. Because of this relative nature, a general method 
will be developed to yield a reference parameter which can 
be utilized as a guideline for individual situation judgements 
as to significance. This guideline parameter is the amount 


of propagation loss change at a range of 10 NM and is denoted 
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bay AL This reference parameter will serve as a common 


Oe 


Memmi Or a reierence frame upon which further decisions can 
Pe based. By utilizing the tables and/or graphs presented 
ma fepencax A, the followimg step-by-step procedure can be 
mertized to determine AL, 4: 

Polememmine 11 the duweted mode of propagation is likely 
mere xlStumy iime@ing the cut-off layer depth present for the 
frequency of interest. Table A-1 can be utilized for this 
purpose. 

2. If ducting is present, determine the amount of change 
due to the effective layer loss term (due to changing layer 
depth) by subtracting the loss at the forecast layer depth 
from the loss at the layer depth present on--station. 

5. -r@m the table in Appendix A corresponding to the 
predicted sea state and the closest forecast frequency 

lO GmeO 0 O50uuiore! 700112), determine the forecast duct loss 
term by apes the table at the predicted layer depth and 
below layer thermal gradient. 

4, Determine the on-station Gucevy lessetermeny entering the 
table which corresponds to the actual sea state present and 
the closest frequency desired with the layer depth and below 
layer thermal gradient determined from the AXBT. 

5. Determine the change in duct loss by subtracting the 
resmlts of step (4) from the results of step (3). 

6. To determine the change in propagation loss at a range 


of 10 NM, AL algebraically add the results of step (2) 


0? 
EOmlOUCm@eem the results of step (5). 


Do 





Several examples of this procedure follow: 


Example l: 
Forecast Conditions On-Station Conditions 
S50" Hz 1000 HZ 
2508FT Laver depth PO tl aver depun 
-6°F/100 FT gradient -10°F/100 FT gradient 
Low sea state High sea state 


imeeerrom fable A-1l, a 250 FT layer will duct frequencies 
Peete iowme; 5°12 and a 150 FT layer will duct frequencies 
higher than 588 HZ. It can be assumed that under these 
Poresurons, both the forecast and the on-—station conditions 
will permit a ducted mode of propagation. 

eo Fr@m Table A-1, the effective layer loss change is 


determined by 


Effective layer 1088 (559 PT)’ 329 JOB 
Effective layer 1088 (459 Pp)? 3am5 «(dE 
Change +o eles 


be Buco etOsse@predicved conditions from Table A-le, 

900 HZ,250 FT, -6°F/100 FT, low sea state: 0.8 aB/NM. 
4. Duct loss on-station conditions from Table A-37, 

1000 HZ, 150 FT, -10°F/100 FT, high sea state: 2.1 dB/NM. 
>. Chewee in @uct loss is given by 

Forecast: 0.8 dB/NM 

On-Station: 2.1 aban 


Change - 1.3 dB/NM. 
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6. The change in propagation loss at a range of 10 NM is 
Birecwave layer loss change: + 1.1 dB 
10 x duct loss change: 10x (-1.3) = ~-13.0 dB 
Change at 10 NM, AL, eee ean) = <= 1 ORs 


iiecerorceamete le unecr the aebual conditions, the loss 


is 11.9 AB GREATER than that under the predicted 


Concil ions. 

Example 2: 
Poregas vCoOmes vi1Ons On-Station Conditions 
300 HZ 500 HZ 
300 FT layer E50 “i ayer 
~10°F/100 FT gradient -12°F/100 FT gradient 
Lew sea state Low sea state 


i ePrem Table A-1, the cut-off frequency for a 300 FT layer 
depth is 2060 HZ. For a 250 FT layer depth, the cut-off 
fi—o(oeeer Cendrcions are present Por sducting under both 
wne vre@icted amd thewon-station conditions. 


e. From Table A-1, the change in the effective layer loss 


is 
Effective layer 1088 (399)? 33.3 dB 
Effective layer 1088 (559)' B25 sas 


Change | TOP acl 
3. From Table A-6, the forecast duct loss term is 
300 HZ, 300 FT, -10°F/100 FT, low sea state: 0.8 dB/NM. 
4, The duct loss under the on-station conditions is found 
from Table A-8 to be 


500 HZ,250 FT, -12°F/100 FT, low sea state: 0.8 4B. 


a 





om “he chance in the duct loss is then 
Forecast: 0.8 dB/NM 
On-Station: 0.8 dB/NM 
Change: 0.0 dB 
6. The change ee ee loss at 10 NM, AL, 9: is 
Effective layer loss change: 0.4 dB 
in weemet Mess »chamege: 10 x (0.0) = 0.0 aB 
Change at 10 NM, AL,, = + (Or oes) 
In this example, there was 0.4 dB LESS loss under the 


actual conditions than under the forecast conditions. 


Bxeemplie 3: 
Forecast Conditions On-Station Conditions 
1700 HZ 2000 Hz 
Ze oer) Layer foervl layer 
-~12°F/100 FT gradient -4°/100 FT gradient 
High sea state Low sea state 


ieee ome ladle A-1, it can be seen that the cut-off frequency 
for the shallower layer depth is lower than either the 
Gleosesv, lerecast frequency or the frequency of interest, 
that ducting will be present in both situations. 

2. From Table A-1, the change in the effective layer loss 


Cemmeis found as, 


Effective layer 1088 (595): Se.) Bai 
Effective layer LOSS (a5)' SUR oO 
Change +> aeene dB 
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3. From Table A-44, the duct loss under the forecast 

Concaresons is given as 

1700 HZ,225 FT, -12°F/100 FT, high sea bese) UK6 dB/NM. 
ee one duet less for the on-station conditions is found 

from Table A-23 to be 

2000 HZ,75 FT, -4°F/100 FT, low sea state: 3.6 dB/NM. 
5. The chenge in the duct loss term is 

Forecast: 1.8 dB/NM 

On-Station: 3.6 dB/NM 

Change: - 196"dB/NM 
Be. The parameterAL,, is found as 

Effective layer loss change: + 2.4 dB 

10 x Duct’ loss change 10 x (-1.8) = -18.0 dB 

Change at 10 NM, 4L,) = a> bgds.. 

Under these circumstances, there was 15.6 @B MORE loss 


on-station than forecast at a range of 10 NM. 





Bvample 4: 
Forecast Conditions On-Station Conditions 
S50 HZ POCO. HZ 
250. FT No Layer 
-6°F/100 FT -6°F/100 FT 
Low sea state Low sea state 


im ©frem Table A-1, ducting is likely under the forecast 
conditions. No ducting is possible under the on-station 


cCeomdi tions. 


De 





ee ine change in the propagation loss at 10 NM, AL, 9,18 
given by 
Forecast ducted loss - (On-station non-ducted loss) 


Forecast loss at 10 NM: 


Effective layer loss = 32.9 dB 
Spreading loss = 43.0 dB 
Duct loss = 8.0 dB 
Total Forecast 83.9 dB 


nose adriemeLosseac LON (from Table A-2): 


Spreading loss = 86.0 dB 

Absorption loss = MeO) sd 
Total On-station = 87.0 dB 

AL = 83.9 - 87.0 = ~-3.1] dB 


10 
In this example there was 3.1 dB MORE loss under the 


on-station conditions than under the forecast conditions. 
It must be stressed that this is an approximate SO1uCiON 
Por’ the non—-Gucted case and that the actual loss encoun- 
tered may vary to some extent from the solution obtained. 
Tre value which one assigns to the parameter AL 9 as a 
wa ruredl = welue= to, TOr the Most part, arbitrary. That is, 
the point at which an on-station update will be performed 


eve Vowrnic aruverary lamiv on BL being exceeded will again 


ne 
Be depenwceme weon =the tactical situation. As a rule of 
themo, the value of +6dB can be utilized. This value has 
statistical significance since this value is normally 


utilized as the standard deviation for the Figure of Merit 
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Peuatione” Mimiieesit the forecast and on-station propagation 
losses vary by more than + Gmcis. eumupdaviie Of the propagation 
Hoss would be required when applying the above rule of thumb. 
G@eec 1t tas been established that the updating of a 
Propagation loss profile is advisable, the following step- 
me —-ScCem procedure can be used in conjunction with the 
worksheet shown in Figure 18. 
im Detemmine if ducting is likely under the on-station 
conditions. Recall, that the low-frequency cut-off for 
@ Given duct size is not sharply defined and that 
ducting may occur at shallower layer depths. In the 
cOmeutTational procedure used to derive the tables and 
Crapms Cepieted an Appendix A, ducting was permitted at 


frequencies as low as 0.7 F i Vue Line as fol Lilley. 


low’ 
follow the procedure delineated in steps 7-8. 

ern onevea = cases, determine the loss due to the effective 
layer spreading by entering Table A-l with the on- 
Svaviron layer depth. 

3. Determine the ducted spreading loss from Table A-2 at 
the desired range intervals. 

4. Determine the duct loss at the desired ranges by multi- 


plying the range (NM) and the loss (dB/NM) found by 


entering the appropriate table in Appendix A which 


<The Peewee GF Merit equation is given as 

(Owe we oe — KD + Di=w propazavion Loss 
where SL is the source level, AN is the ambient noise, 
RD is the recognition differential, and DI is the 
directivity index (NAVWEASERVCOMINST 3160.3). 
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Peocnol OL % * 


mm mmm me ee ee he 


ON-STA. 


FS SEE ee ee ee 


Peper. CONOTTIONS 
Frequency HZ 
sea State 

ayer Depth ng 


Gradient °F /100 FT 


CumeOnt Freq. HZ 





Ducted Non-Ducted 


Ducted Case 


Effective Layer Loss Dd 


ON-STATION CONDITIONS 
Prequcney HZ 
pea Late 
Layem@bepur . Ft 
Gradient °F/100 FT 
Cut—-Cei Freq, | HZ 
puever.  Nor-ducted 


Non-Ducted Cacr 


Chase lamer ‘lews “Db Absorption Loss 
Vorat raved Losses — Db DOZNM 
Range : i. SE ees 
Biged Losses -. 
spreading Loss: 7 
Duct Loss eee : ne a 
tome LOSses 5 : 
Range (NM) 
10 1 2.0 Z 
70 > 5 | e 
= if 4 + + 
dy t + + + 
100 t a =f + 
110 
Figure 18. <A worksheet for determining on-station 


propagation loss. 
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corresponds to the desired frequency, for the sea state 
present at the layer depth and below layer thermal 
eradqiensc from the AXBT trace. 
me if cross-layer aan iiens are="presmnt , “acid 1O dB. 
6. The propagation loss at a given range R is found by 
Propagation Loss (dB) = Effective Layer Loss + Ducted 
Spreading Loss (at R) + R x (Duct Loss) + Cross- 
Layer Loss (if present). 
fee Lt 6 CuccCime is not present, the only losses which C aia 
be readily determined are the non-ducted (spherical) 
Spreag@ing less and the frequency dependent absorption 
loss. From Table A-2, determine the spreading loss at 
any range R. The absorption loss (dB/NM) can also be 
feund fromfable A=. 
8. To determine the approximate non-ducted propagation loss 
at a range R, 
Propagation Loss (dB) = Non-ducted Spreading Loss 
+ R x (Absorption Loss). 
if scmewla ee Noveca apa UNat wibis Solution is not exact 
and may be dependent upon multi-path transmissions as 
well as phase coherence effects. 
To further examine the effects of changing environmental 
conditions on the tactical problem, several examples will 
be utilized. Consider the case given in Example 1. In this 
example, the layer depth, below layer thermal gradient, sea 
State and frequency differed from the conditions which were 


forecast. Figure 19 denicts the forecast and on-station 
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EXAMPLE 1 


PORECAST 3T - o 


ee ee ee ee ee eee eee ee 
we SS ee 


ON-STA. BT = =. 


ee a me mm em ea ee ee 


FORECAST CONDITIONS 
Freavuency 850 HZ 

Sea state LOW 

Layer Depth 250 FT 
Gradient -6 °F/100 FT 
Bee-Off Freq. 2/3 H2 
Ducted x Non-Ducted 


Dbueved Case 


merective Layer Loss 31.8 Db 





ON-STATION CONDITIONS 
Preqveme vy 1000 s 9 iz 
sea State HIGH : 


Laver Depo. | 
Gradient___-10°F/100 FT 


Cut-Off Freq. 588 Hz 
Ducted x Non-ducted_ __ 


Non-Ducted Case 


Absorption Loss 


Cross-Layer Loss O Db 
Total Fixed Losses 2B ab ___Db/ Nn 
Range | : ees 5 On seme ot : 
Meeeed Losses : 31.8 : 31.8 : 31.8 : 31.8: 31.8: t 
Spreading Loss: 33.0: 37.8 : 40.0 43.0: 44.0% : 
Paet Loss Bee Os Oia 6 Be 0 31 5 _t 
Total Losses : 66.9 :77.9 : 82.3 : 95.8:108.1: : 
Range(NM) ws” 
10 20 2 
70 D 2 
50 4° 7 + + 
70 + + + + 
100 = i ate ata a 


ao 
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meeneraction loss profiles resulting under these conditions. 
Mme previously noted, ALS 9 LS edb. Were 20 -dberoM , 
mes results in a decrease in the Median Detection Range 
(MDR)? from 15 NM forecast to 8 Nif on-station. For an 80 
dB FOM, the MDR decreases from 7 NM to 4 NM. Under common 
Speraeting situations, this change would be considered 
meenaticant. 

Example 2 gave an example where changing on-station 
mel Ulonsm@weme, UO a large extent, offsetting. That is, 
mae choampe in Bayer depth was offset by a change in below 


layer gradient. Since the parameter AL eS iomedn nc ttc Ea) 


10 
there is no need under these conditions to update the ASRAP 
peopepation Yoss forecast. Figure 20 illustrates this 
example. 

Bxomple 3 gfawe ceomdations whitch might be likely to re 
exist if heavy weather had existed at the time the foreeses 
was issued. The on-station conditions, at a time after the 
weather had subsided, are much different than when forecast. 
Figure 21 illustrates the propagation loss profiles under 
eMWe 1O0recast and actual on=station conditions. Taking a 
90 dB FOM, the MDR was reduced from 9 NM to 5.5 NM. For 
an 80 dB FOM, the MDR was reduced from 5 NM to 3 NM. The 


case of a 90 dB FOM would most likely be considered signifi- 


cant for normal operating circumstances while the change for 


3 


The Median Detection Range is that range for which 
there is a probability of detection of 0.5 using the 
FOM equation. 
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EXAMPLE 2 


P@RECAST BT o * + % % * 
ON-STA, BT ieee ee + * + % 
PeRECAST CONDITIONS ON-STATION CONDITIONS 
Freauencv  _300 Hd Frequency 500 HZ 
sea State Low Sed ota be Chee. 
bayer Depth 300 FT Baver Deut oo 0meur 
Gradient _-10 °F/100 FT Gradient__-12 °F/100 FT 
Mut-Off Freq. 208 HZ Cut=Orit rrreq. 273 HZ, 
Pweted * Non-Ducted_ Ducted x Non-ducted 
Dieted Case Non-Ducted Case 


Perective Layer Loss 32.9 Db 
Absorption Loss 


Cross-Layer Loss QO Db 
Motel Fixed Losses oe JOD Do/NM 
Range ‘e ; 3 aS SVs St : 


eee em em eee ee ee 


Pemeea Losses : 32.9: 32.9: 32.9 : 32.9: 32.9: ‘ 











Spreading Loss: 33.0: 37.8: 40.0: 43.0; 44.8: 
Duct Loss remem emt, Oy O07 ie. 0: Bes 
Geral Losses +: 66.7 :73.1:76.9 + 83.9: 89.7: 3 
paneetine | 
5 10 15 20 25 

aS —|—4——|—--5 

eo 0OUC~«é«< + + + 

90 i + + + 

a °F oa a + 

110 
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EXAMPLE 3 


PORECAST BT = e * * te * 
ON-STA. BT e ¥ * a % * 
FORECAST CONDITIONS ON-STATION CONDITIONS 
Frequency __1700 HZ Frequency 2000 HZ 
Bea State HIGH pea Stages LOlae. 
ayer Depth 225 FT bayer Depun. (> et 
Gradient _-12 °F/100 FT Gradient _-4 °F/100 FT 
Our-Off Frea. B20 HZ Cut-Off Freq, 1663 Hz 
Ducted x Non-Ducted_ Ducted * Mon-ducted 
Ducted. Case Non-Ducted Case 


Prfective Layer Loss 30.3 Db 
Absorption Loss 


Cross-Layer Loss 0 Db 
Total Fixed Losses S0RSab ea 
Range ee oes lf IO 15: : 





Meeeead bosses <: 320. 3: 320.3: 30.3: 30.3: 30.3: : 
spreading Loss: _ 33.0: 37.8: 40.0: 43.0: 44.8: si: 


Duct Loss See SO Ore Net Ge O54. 0s: 
Mmomel Losses +: 66.9: 78.9: 884523:700.3:129.1: : 
Range(NM) 2. 
70 5 10 15 20 25 


80 


90 


100 
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the 80 dB case might not be considered significant under 
some operating conditions. 

Example 4 illustrates the case where ducting conditions 
were forecast Dut Reed at fon COV Gmemeniaeoreceaved that no 
Secting was pessible. Figure 22 illustrates this situation. 
When a 90 dB FOM is considered, the resulting change in _ 
men 1S oO, Peon) NH to 13 NM. The same change in MDR 
is also evident when the FOM is taken as 80 dB since the 
forecast and on=station profiles tend to differ by similar 
Mme Uneswever Gals range interval. Again, the non-ducted 
SelucioOn iS Only an appromimation but this estimate is 
Pemmaps better than no estimate at all. 

Im summary, it »s mow possible to determine a reference 
parameter, AL which will aid in determining if an update 


Oe 
ee cme forsccasy 15 required. As a rule of thumb, if AL, Gg 
differs by more than one standard deviation (normally taken 
as 6 @B), then an update should be performed. Once it is 
determined that an update is desired, it may be accomplished 
by determining the different loss values involved from 


tables or graphs listed in Appendix A and summing these 


TOcom Vales ait accordance with the correetien algorithm. 
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EXAMPLE 4 


POR sCast BT = = * 7% % * 
ON-STA. BT # * # : x 
BORECAST CONDITIONS ONS TALION CORT TLOns 
Freauency 850 _HZ Frequency _1000 HZ 
Sea State LOW sea State LOW . 
mayer Depth 250 FT Layer Depth OO FT 
Gradient -6 °F/100 FT Gradient___-6 °F/100 FT 
Cut-Off Freq. 20S aie Gut-OLtr fred, mo = 17 
Bucted * Non-Ducted_ Ducted  Non-ducted_X_ 
Dueied Case Non-Ducted Case 


Effective Layer Loss Db 
Avsorption Loss 


Cross-Layer Loss Db 
! 
Potal Fixed Losses Db 0.1 Db/NM 


Range | ae ee ee Se A eS 
Meee FOGseS foe Se te ee eet et 
reading Loss: 66.0: 75.5? 80.0: 86.0: 89.5: 92n0: 
_ Absorption oo Omeme ee Ones a Omer 1.0? 1 tee: 
MPotal Losses : 66,1: 75.8: 80.5: 87.0: 91.0: 94.0: 
bia Range(NM) 
5 10 15 20 25 
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VI. CONCLUSIONS 


Dieenoce rs tor low 1requency ducted propagation loss 
consisted of the specification and determination of the 
losses encountered within a surface duct. These losses 
resulted from the reduction of power per unit area due to 
mereading and attenuation within the duct. The spreading 
meee) 1S Comprised of Spherical spreading to a transition 
femee and the cylindrical spreading at all greater ranges. 
The spherical spreading loss is accounted for in the loss 
wee tie cijeculive layer toss. The cylindrical spreading 
mecs 15 temmed the ducted spreading loss. The attenuation 
eerm COMsisved of the losses associated with diffractive 
ieee Or some eCmergy from the duct, scattering of energy 
mom a roughened sea surface, and absorption due to 
relaxation mechanisms. 

The sensitivity of this model was found to be dependent 
emu (oO vertmIne paramesvers which specify the loss terms. 
these parameters are the frequency, layer depth, sound 
Velocity gradients above and below the layer, and the sea 
moar. 

Over a relatively wide range of the domain investigated, 
the frequency and layer depth were found to have the greatest 
effect on the amount of propagation loss encountered. Over 
those portions of the domain which lie near the conditions 
required for the ducting of sonic energy, the below layer 


gradient has an appreciable effect. For example, within this 
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region of marginal ducting conditions, a below layer thermal 
gradient change of 2°F/100 FT was found to have the same 
Sereet. on the resulting propagation loss as a change in 
mmerinixea layer depth of 25 FY. In contrast, in areas away 
Pee enws recion, the loss becomes more independent of the 
below layer gradient. In some areas, a change of 18°F/100 FT 
resvits in a negligible change in propagation loss (less 
than 0.1 dB/NM). The change in loss due to a change in 
Peequency Ws most intense at low frequencies and relatively 
saallow layer depths. This loss gradient was found to be 
as’ much as 5 timeswmore intense at 100 HZ than at 1000 HZ 
une@er comparable environmental conditions. 

er mmremecare ae cCheeseae state was found to cause an increase 
niece atiowwe Of loss» resultime at all locations within the 
@emean of imteres™. The amount of increase in propagation 
loss varied as a function of frequency and layer depth. 
Sie meemitude of thisechanee ranged from several tenths of 
a GB/NM at lower frequencies to approximately 1 dB/NM at 
higner frequencies. Frequency was found to have the most 
effect weon this change and varied by a factor of 6 over the 
range investigated. The change in loss was found to vary 
beer Peeve Or 2c as a function of the Layer depth when the 
sila SSTaee increased. 

fae =chanee in loss Cue to the transition range or the 
effective layer loss was found to be dependent upon the mixed 
layer depth when simplifying assumptions were imposed regarding 


the above layer gradient and target location within the 
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mer oic@lsdimensiom of the surface duct. The resulting 
Grange in propagation less was feund to be approximately 
8 times more sensitive to change in mixed layer depth over 
shallow intervals as compared to the deeper intervals. 

diac amount of change im ducted propagation loss due to 
changing environmental conditions is dependent not only 
upon the magnitude of the change but also upon the location 
within the frequency-sound velocity gradient-sea state 
memewn ab which tae change occurs. That is, the resultant 
@meneme insloss is dependent upon the magnitude of the changes 
an the environmental parameters, the location within the 
Semin Irom which such changes originate, and the direction 
in Which the changes proceed. 

mne value of cHange in”propagation loss which constitutes 
Seer rrearce is relative to the tactical situation under 
consideration. In one instance, a 6 @B change at some 
specified range may be significant while in another instance, 
it may be deemed negligible. This apparent ambiguity can 
be best approached by permitting the significance decision 
to be made within the context of Ne actual situation at 
Mage we rOeera inetiis decision, the reference parameter AL, 9» 
be Chamee in prepagervion loss encountered under actual 
conditions from that which was forecast for a range of 10 NM 
from the source, was developed. As a rule-of-thumb, if AL, 9 
exceeds one standard deviation (taken to have a nominal 


value of 6 dB), the forecast should be updated when possible. 
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ieee mreculon alcorituam Cor the Gweted preparation 
ase 1s COmpatible with the method currently employed by 
mae NWO Since identical models and equations are utilized. 
ime ability to update this form of propagation loss is 
eeerremely important when the near field or direct path 
Somerton 1S considereca. Aacitionally, this method can 
be employed to enhance the accuracy of forecast propagation 
loss in cases where the actual and predicted environmental 
emer ons are identical since this method allows for a 
MeecwmeriitLe interpolation within the frequency domain. 

Heerer iS much to be gene in the field of ASRAP update, 
pormmculariy in the area of non-ducted propagation cases. 
igers hoped that the methods employed here will aid in 


Muioemerane this effort. 
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Table A-8. PROPAGATION LOSS IN DB/NM FOR 500 HZ 
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Table A-11; PROPAGATION LOSS IN DB/NM FOR 800 HZ 


wee: NON-DUCTED CASE 
Sete et LE SSH TAN 3 
LAYER (FT) BELOW LAYER GRADIENT(DEG.F/100FT. ) 
Tega cn Caen 0. Om ieOmleomtGl0 16.0 °20.0 


50:0 Ee ee ae eae Ne oe ee eS Se he eae 
sO er ee ee te Cee | eS oe oe ak te ok Sick oe Sok 
1607.0 Soe ate oe ewes os fee Sek 8360 259 
eZ 6 U) Pee oe Be eto ciate cee Oe s | | (Cle OUD 
LSer 0 Mee See Se Vai eG wile De Vs Oo let) let le 4 Les 
rio. 0 eel eel lec we elec iecttee let lel lel J. 
200.0 Vuez Lol Paleo O yp leO ml .0 «Ole Ome Ofom 0.9 
Ce eo O29 U.9-070.9 O70 O42 O28 Oc reee 0. S 
2s © Wee eO0as Of O26 (Geis Os ) O2y  O.7  Ovwie 0.7 
21 oe Ocoewwoet Ont “Clr “Cry 0.7 90. Os 7 Of O27 
300.0 eno. eno mor Oem weeoe Oso .026-° OwO~ O26 
Beoe Cee Ome Oo. Oo VO, ceo. Go SOs Osco) O.5 O46 0.6 
2 0s. Veco eo Oso Ceo “ORO. “Once Orme Os6e 0.6 0.6 
37500 Coo mmee> SORG "CR> OFS OF OFF" 0-57 0.5 Ont 
490.0 Oe OO. > eee Oo O25) OC Oem 0-55) 0.5 0.5 
425.0 Oper Oe Oe SOe> Oe5° “025. 025° ° 0.5 On50 “0.55 
450.0 Comes) | Cee Ons Ore 05 (07S) 5.5 0.5 0.5 
475.0 Oe «ere ae Oe One Uso O65 60S 0S 
500.0 Cee <2 0.) Dee C5 weer Os) 0. > Oe 
Doe) 0.5 0.5 90.5 0.5 O64 0.4 90.4 0-4 O44 0.44 
530.0 0.5 0-4 0.4 0.64% 0.4 0.4 0.4 0.4 0.4 0.4 
Die. O O0470.4 O64 0.4 0.34 O88) Of 0.4 0.4% O.4% 
60d. 0 0.4 0.4 0.4 0.4 0.4% 0.4 9.4 0.4 0.4 O44 
O20 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
Gow. 0 0.4 0.4 0.4 0.4 9.4 0.4% 06.4 O44 O44 O44 
675.0 0.4 0.4 0.4 0-4 0.4 0.4 90.4 0.4 0.4 O.4% 
TO0%: 0 0.4 0-4 0.4 0.4 0.4 0.4 0.64 O44 0.4 O.4% 
Te D0 0.4 0.4 0.4 0.4 0.4% 0.4 0.4 0-4 0.4 O44 
150-0 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 


GO 





DOO ABZ 


PROPAGATION LOSS IN DB/NM FOR 


Tapie A=12. 


NON=DWCTED CASE 


SEAre Sere 


ey fi 


ae 


CESo > Han 3 


SECO een vent onao rent OeG.eFr/ LOOFT .) 


8.0 


LAY ERCET ) 


BOS O iz 0 Gs O8160018.0 2050 


4.0 6.0 


2.0 


a: 
tea 


2 iO ate ol 
1.8 


8 


269 


x 


° Oe Da 6 ON Sed 


204 


4.8 


100.0 


1.8 


2.8 Calm le 2.0 i. 9 


125.0 
Po Qe 0 


Wer lieG 1.5 164 164 . Leo ls > paleo 
ime il De 


laa 
led 


1.1 


0.9 


1.5 
O39 


ivoe0 
200.0 
225.0 
250.0 


0.9 e 
0.8 
Omar 


On 


1.2 


0.8 
0.8 


1.0 Dee 0.9 eeOeo 0.8 0.8 0.8 
0.8 


0.9 
0.8 


0.8 


0.8 9C.96) 9825 0.3 
O.7 
O.7 


0.8 
0.8 


0.7 #7] Omi OO. 1 (Os Toe a 
O.7 0.7 


Om 
0.7 


215 HO 


Om 
OG 


OG 1 


0.6 


0.7 
0.6 


Orel 


Oven! 


0.7 


300.0 
aoe 0 
350.0 


0.6 


0.6 
0.6 
0.6 


Oba g O26 0.6 0.6 
0.6 
0.6 


0.6 


O.7 
0.6 


0.6 
0.6 


O.6 0.6 
0.6 


0.6 


0.6 


0.6 


0.6 
0.6 


0.6 


0.6 


0.6 
0.6 
0.5 


0.6 
0.6 
0.6 


37 3=00 
400.0 


OeiCmeO OO noeeOwG 6 6 60660 CO G0 6 
0.5 


0.5 


O26 
oe 


OA 
0.5 


@ Oe Oe5 
Oso ~ 0.5 


Om DS 


0.5 


425.0 


O55 0.5 @90.5 @@.5 Wn5 
Om 


0.5 
0.5 


450.0 
475.0 


Om> 0.5 0.5 0.5 0.5 0.5 
O25 Paom> ORS 0.5 


0.5 


0.5 
0.5 


0.5 
0.5 


0.5 


0.5 
0.5 
Ons 


0.5 


500.0 
525.0 


Cel. DS Oe > «6 OLD ROR COO 5 
Oo 0.5 0.5 


0.5 


0.5 
O25 


0.5 
0.5 


Os 
0.5 


0.5 


OD 


0.5 


5500 


Om Ocoee Oe Oe 0-52 0.5 
0.5 O25 


Oae5 


2 (50 
600.0 


Oe. 


0.5 


O29 ea Oia) Gn 5 
0.5 


Oras 


G25 


Os 


° 0.5 064 O44 
0.4 0.4 
0.4 0.4 


0.5 


O.5 0.5 


0.5 


625.0 
650.0 
675.0 


0.4 0.4 0.64 0.4 0.4 0.4 0.4 
0.4 0.4 0.4 


0.4% 


0.5 


0.4 
0.4 


0.4 
0.4 


0-4 


0.4% 


0.4 


0.4 


0.4 0.4 0.4 0.4 0.4 
0.4 0.4 


0.4 


700.0 
T25RRO 


0.4 0.4 0.4 0-4 0.4 0-4 
0.4 


0.4 


0.4 
0.4 


0.4 


0.4 0.4 044% 


0.4 


0.4 0.4 


0.4 


7500.0 


91 








Table A-13. PROPAGATION LOSS IN DB/NM FOR 1000 HZ 
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PROPAGATION LOSS IN DB/NM FOR 1200 HZ 
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Table A-16. PROPAGATION LOSS IN DB/NY FOR 1300 HZ 
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PROPAGATION LOSS IN OB/NM FOR 1400 HZ 
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Table A-18. PROPAGATION LOSS IN DRB/NM FOR 1500 HZ 
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PESP AGAIN LOSSe1N DB7/NM FOR 1600 HZ 
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Table A-20. PROPAGATION LOSS IN DOB/NM FOR 1700 HZ 
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Table A-~21. PROPAGATION LOSS IN DB/NM FOR 1800 HZ 
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Table A-22. PROPAGATION LOSS IN DB/NM FOR 1900 HZ 


<M D UL TED CASE 
Sen Slee s Geos HAN 3 
LAPEER CPT ) Cee LAYER ONAOTENT\ OFOst/POOFT . ) 
Ze “4.0 €.@ Gus LODO 51220 1420 16.0 18.°0° 20.0 


ab Ste Se ale o& o& oh ww ab wt. wh al al Ww wh ale o& al oh Sone 
e eee es oa ee Se a fe ee ae Ea = Ar “> 


4¢ 
3¢ 
Mt 
3¢ 
q 
t 
4% 
ee 
3¢ 
t 
3t 
{ 
+t 
3¢ 


eee MS 8 6T  oe4 a2 6361 Be 3.0 2.9 2.9 2.8 
meee 2 28 22 Se 2a 20 26 20 20 OO 
12 Sei0 leo Vee 2.7 Vs? 1.7 dees ‘le 156 156 126 
150.0 acm la> Ola cel. 4oeteG tee lee 4 B. 4 24 
LeSeO (ee Bae les 1. e “les SIS 1.3 1.3 1.3 1.3 
20100 Wee 1.2? 2 ee eae 2 12 
2P5 0 Wie Tt lel Pel sel 6 eae ee) Cd 
P50 ..:0 Pee cee tol Meo, 10 9 2s0 Til. 0 (a0 
205... © le 100 SOM SOU a Wie WeO LO’ LeO slew 
300.0 uO lew! wile lew ode 0 WeO 1.0 1-0 1.0 1.0 
SPO Oo 0.9 0.9 GEO "O29 O89 “Ono OF9 0.9 0.9 
350.0 Cae 0-9 0.9 OSS 809 @HO OO 0.59 0.9 09 
3 Sen OHO CAS 0.998029 ES OBS OS 0.9 0.9 0.9 
Wwe 0.9 0.9 0.9 0.9 O.9 04.9 0.9 0.9 0.9 O49 
wes. 6©6@. COCO CUC«Ow 8 «COCO 8 0 O88 CUO. 8 6.8 (O0.B8 COOOL 
S00 .0% O.6 O86 ©.8 OME O78 0.0) “OMS O48 0.8 O.8 
Wom0 4306S BeS Ome Ou O18 OmwS OmB 9-8 0.8 0.8 
Seeeo O.@ 6.6 0.8 @¥s 0.8 O88 0.8 OV8 O.8 0.8 
Eeewe6ClC GC ORS ORB CORRS (COMMS «CONS (C0. 8 «=O. 8 
Seams” Ow CUE CUO. 8 OB COCO. 8 OMS COMB CS. «COCO SCO. 
oreo Ome, «CO 017 «C607 lOO O87 6 6OmmlCUC 7 CUO? COL? 
Oe.) OR 7 OF 0.7 O67 0.7 O87 O17 O.7 O17 OT 
GO mey 7 «26ORT CUO. 7 «(O06 7T «69H 7) CUC0W TT (C057 «O07 «(O07 COO 
amo. “@iey) Oe? ) 0-7 0.7 0-7 0.7% (0-7 O.7 O27 O27 
Gummo, GET) 6.7 6 6UOkT 6 (O87 6047: 6017) «60067: «6C0wT COUT COO? 
Ten) ORM Or) COT” 057) 0.7 047 OST (0C0w 7 C07 | OF 
Vee Ge 0.7 O-.7 O.7 O.7 O.7 Oey 9.7 OF OW? 
eon GT O67 6087) OLY CULT 6087: 0O0.T COUT OCT COT 


OL 








Table A-23. PROPAGATICN LOSS IN DB/NM FOR 2000 HZ 
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Table A-24. PROPAGATION LOSS IN DB/NM FOR 2100 HZ 
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Table A-33. PROPAGATION LOSS IN DB/NM FOR’ 600 HZ 
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Table A-34. prROPAGATION LOSS IN DB/NM FOR 700 HZ 
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Table A-35. PROPAGATION LOSS IN DB/NY FOR 800 HZ 
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Table A-36. PROPAGATION LOSS IN DB/NM FOR 900 HZ 
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Table A-37. PROPAGATION LOSS IN DB/NM FOR 1000 HZ 
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Table A-38. PROPAGATION LOSS IN DB/WNM FOR 1100 HZ 
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Table A-39. PROPAGATICN LOSS IN DB/NM FOR 1200 HZ 
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Table A-43. PROPAGATICN LOSS IN DB/NM FOR 1600 HZ 
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Table A-44. PROPAGATION LOSS IN DB/NM FOR 1700 HZ 
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Table A-46.. PROPAGATION LOSS IN DB/NY FOR 1900 H7 
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Fable A-H7, PROPAGATION LOSS IN OB/NM FOR 2000 HZ 
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Table A-49. PROPAGATION LOSS IN DB/NM FOR 2200 HZ 
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Table A-50. PROPAGATION LOSS IN OB/NM FOR 2300 HZ 
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Table A-51. PROPAGATION LOSS IN DB/NM FOR 2400 HZ 
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Figure A-3. Propagation loss for low sea state and a 
below layer gradient of -6°F/100 FT. 


eal 





LOS S,Db/NM 





6-7 
5 
12°/1001f GRADIENT 
4 SEA STRAT E< 3 
3 
L APY ERR PT 
> 100 
1 
600 
700 
Sa 
: —— oe 
0 500 1000 1500 2000 2500 
FRE OUWENC YH Z 
Figure A-4. Propagation loss for low sea state and a 


below layer gradient of -12°F/100 FT. 
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Figure A-5. Propagation loss for low sea state and a 
below layer gradient of -18°F/100 FT. 
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Figure A-6. Propagation loss for high sea state 
and a below layer gradient of -6°F/100 FT. 
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Pupure @#-7. Propagation loss for high sea state 
and a below layer gradient of -12°F/100 FT. 
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Figure A-8. Propagation loss for high sea state 
and a below layer gradient of -18°F/100 FT. 
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Figure A-9. Iso-loss contours for 100 HZ and low sea state. 
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Figure A-10. Iso-loss contours for 200 HZ and low sea state. 
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Figure A-1l1. Iso-loss contours for 300 Hd and low sea state. 
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Figure A-l2. Iso-loss contours for 400 HZ and low sea state. 
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Figure A-13. Iso-—loss contours for 500 07 and low sea stace. 
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Figure A-14. 
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Tso-loss contours for 600 HZ and 


142 


18 


low sea state. 





—— 


LAYER ($#) LOS S(db/nm ) 
Die, 


2 5®@ 


450 





0.6 


0.4 


650 


7350 


Figure A-15. 
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Iso-loss contours for 700 HZ and low sea state. 
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Figure A-16. 


——_—_-}——_—__}|—_ +} 
6 1a 14 18 
GRADIENT(°f/10081) 


B00 HZ SEA STATE <3 


Iso-loss contours for 800 HZ and low sea state. 
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Figure A-17. Iso-loss contours for 900 HZ and low sea state. 
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Figure A-18. Iso-loss contours for 1000 HZ and low sea state. 
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Figure A-19. Iso-loss contours for 1200 HZ and low sea state. 
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Figure A-20. Iso-loss contours for 1400 HZ and low sea state. 
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Figure A-21. Iso-loss contours for 1600 HZ and low sea state. 
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Figure A-22. Iso-ioss contours for 1800 HZ and low sea sta 
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Pigure A-23. 
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Tso-loss contours for 2000 HZ and low sea state 
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Figure A-24. esis contours for 2200 HZ and low sea Sia vee 
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Figure A-25. Teop=losse cConrours 10r 2h00 HZ and low sea state. 
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Ficure A-26. Iso-loss contours for 100 HZ and high sea state. 
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Figure A-27. Iso-loss contours for 200 HZ and high sea state. 
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Figure A-28. Iso-loss contours for 300 HZ and high sea state. 
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Figure A-29. Iso-loss contours for 400 HZ and high sea state. 
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Figure A-30. Iso-loss contours for 500 HZ and high sea state. 
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Figure A-31. Iso-loss contours for 600 HZ and high sea state. 
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Figure A-32. Iso-loss contours for 700 HZ and high sea Stawen 


160 





LOSS(db/nm) 


LAYER (ft) 
5 0 





450 
0.8 
eS 
650 
2 14 18 


s 1 Oe. 
GRADIE NT(°t/i00##) 
BOO HZ SEA STATE? 3 


Figure A-33. Iso-loss contours for 800 HZ and high sea state. 
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Pigure A-34. Iso-loss contours for 900 HZ and high sea state. 
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Piugwre A-35. Iso-loss contours for 1000 HZ and high sea state. 
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Figure A-36. Iso-loss contours for 1200 HZ and high sea state. 
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Figure A-37. Iso-loss contours for 1400 HZ and high sea state. 
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Figure A-38. lIso-loss contours for 1600 HZ and high sea state. 
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Figure A-39. 
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Iso-loss contours for 1800 HZ and high sea state. 
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Figure A-41. Iso-loss contours for 2200 HZ and high sea state. 


169 





ER (tt) EyOn Sena b/ nian) 


EEE =i 

















—_—$— a a re a et ee ne ee ee 
— ——= — ——<————i ———————  — — _ — ee 
== ——~ —- = a a ————_ _——— — eae — —————— 
——— — eee ee a eS a 
een eee nr ee ee ee a a —— —— — 
ES — a ee ee ee 
pase = a — — ae ne re re ee ee ee a ee 
——— ce em eee ee ea se ee COS ee 
a — 
2 er rr erp-ereminn cea A ree ee ee 
ee eee 
A a 
SS SS en ee . 
——$—S— 


250 


2.0 


1.8 


450 - , 1.6 


1.4 


650 


750 a tt 
2 6 170 « 14 18 
GRADIE NT(°f/100$#1) 


2400 HZ SEA STATE > 3 


Figure A-42. Iso-loss contours for 2400 HZ and high sea state. 
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SD ABSTRACT 


‘An acoustic model for low frequency (100-2400 HZ) propagation loss 
Mthin a surface duct is examined. An analysis of the sensitivity 

Mm this model as a function of the governing environmental parameters 

Mm performed. The results of this analysis show that the frequency 
Md mixed layer depth are influential over a wide range of environmental § 
Bonditions and that the below layer thermal gradient becomes important ) 
Mm low frequencies when the layer Genth weerelauavel shallow. Under 
Bertain conditions, a change in below layer thermal gradient Ot 
B°r/100 FT has the same resultant effect as a 25 FT change in the 
Mixed layer depth. The results of tis analysis .are when Vialized 
Mo develop a correction algorithm which can be employed to update 
propagation loss forecasts (issued by Fleet Numerical Weather Central, 
onterey) when required due to changing environmental conditions. 
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